We report on the direct observation of vortex states confined in equilateral and isosceles triangular dots of weak pinning amorphous superconducting thin films with a scanning superconducting quantum interference device microscope. The observed images illustrate not only pieces of a triangular vortex lattice as commensurate vortex states, but also incommensurate vortex states including metastable ones. We comparatively analyze vortex configurations found in different sample geometries and discuss the symmetry and stability of commensurate and incommensurate vortex configurations against deformations of the sample shape.
We report on the direct observation of vortex states confined in equilateral and isosceles triangular dots of weak pinning amorphous superconducting thin films with a scanning superconducting quantum interference device microscope. The observed images illustrate not only pieces of a triangular vortex lattice as commensurate vortex states, but also incommensurate vortex states including metastable ones. We comparatively analyze vortex configurations found in different sample geometries and discuss the symmetry and stability of commensurate and incommensurate vortex configurations against deformations of the sample shape.
The concept of a small number of interacting particles in lateral confinement is found in a variety of physical systems, including electrons confined in semiconductor quantum dots, 1 electron dimples in the liquid-helium surface, 2 and paramagnetic colloids in cavities. 3 Of particular interest is vortex matter in mesoscopic superconductors with different shapes. [4] [5] [6] [7] In addition to the vortex-vortex repulsion, vortices are subject to the lateral confinement due to the shielding current flowing along the sample boundary. The interplay between the intervortex interaction and the confinement results in unique vortex states with strong features of the sample shape, different from the Abrikosov-triangular lattice in bulk superconductors. 8 It is well established that in mesoscopic disks, vortices form circular symmetric shells and obey the specific rules for shell filling with increasing the vorticity L. 9, 10 Meanwhile, in other geometric shapes such as squares [11] [12] [13] and pentagons, 14 the formation of vortex shells is not well defined as in disks owing to the commensurability between the geometry and the vortex arrangement. In mesoscopic triangles, which we focus on this study, vortices form intrinsically a piece of the triangular lattice since they match the geometric shape with threefold * E-mail: kokubo@pc.uec.ac.jp DRAFT axial symmetry. 15 This occurs when vorticity becomes a triangular number, L = n(n + 1)/2 with integer n. For other vorticities, the formation of the triangular arrangement is not stable.
Self-organized unique vortex patterns are formed. 16 The corresponding vortex configurations are numerically proposed to have twofold (middle-plane reflection) symmetry and also to be represented by the combination of vortex "bricks", i.e., lower vorticity configurations plus linear vortex chains. 17 The visualization of vortex states in triangular dots was initiated by a scanning superconducting quantum-interference device (SQUID) microscopy study, 18 followed by Bitter decoration studies. 16, 19 Both studies revealed some features dominated by inevitable inhomogeneity (pinning sites for vortices) in samples (Nb films). To observe vortex configurations inherent in mesoscopic triangles, it is crucial to use nearly pin-free, weak pinning materials such as amorphous superconducting films. 13, 20 In this work, we report on the direct observation of vortices confined in triangular dots of weak pinning amorphous MoGe films with the scanning SQUID microscope. Unlike the previous experimental studies that were limited to dots with the regular triangle shape, 16, 18 we further use isosceles triangular dots to obtain a better understanding of the commensurability effect(s), and study the symmetry and stability of commensurate and incommensurate vortex configurations against deformations of the sample shape.
We used a commercial scanning SQUID microscope (SQM-2000, SII Nanotechnology) with a dc SQUID magnetometer composed of Nb-based Josephson junctions and an inductively coupled, pick-up Nb coil of 10 µm diameter integrated on a small Si chip. 18 The spatial resolution of the microscope is ∼ 4 µm. The sample space is surrounded by a µ-metal shield, resulting in a residual magnetic field (ambient field) of ∼ 1.2 µT. The details are described in Ref. 18 .
Amorphous (α-)Mo x Ge 1−x (x ≈ 78) films with thickness d =0.20 µm were deposited on Si substrates by rf-magnetron sputtering. 20 The superconducting transition temperature T c is ≈ 7 K, the coherence length at zero temperature T = 0 is ≈ 5 nm, and the magnetic penetration depth λ(0) at T =0 is ≈ 0.6 µm. Since the films are thinner than λ(0), the screening of the supercurrent is characterized by the effective penetration depth
the interaction between vortices becomes long-ranged. 21 Using standard photolithographic and wet-etching techniques, we fabricated isosceles triangular dots of two different shapes, together with equilateral triangular ones, as shown in Fig 20%, i.e., b/a =0.69. We paid careful attention to the selection of the dots to avoid vortex configurations induced by pinning sites. 13 We carried out a field-cooling procedure for every SQUID measurement to obtain an equilibrium vortex state. into two. One is characterized by the orientation parallel to one of three symmetry axes, as
represented by a broken line in Fig. 2(o) . The other is perpendicular orientation, as shown in Fig. 2(n) . As discussed later, these two pair states are intrinsic to the triangular dot, not induced by pinning sites. 
We summarize the observed vortex configurations for L = 1-11 in Table I using However, at L = 7, we occasionally observe a metastable c3 + l4 configuration in addition to a c4 + l3 configuration. Namely, the ground and metastable states are observable (or nearly degenerated) at L = 7. The situation is similar to that for L = 2 where two pair orientations appear. For distinction, we add subscript "//" or "⊥" for the parallel or perpendicular orientation, respectively. The l2 // configuration is numerically shown to be the ground state, 16, 17 suggesting the other ( l2 ⊥ ) to be a metastable state.
We would like to emphasize that all the frustrated vortex configurations observed in incommensurate states are characterized roughly by the reflection symmetry with respect to one of three symmetry axes in the triangular dot, in contrast to the threefold rotational symmetry in commensurate states. The appearance of the twofold symmetry in incommensurate states has also been shown numerically; 17 however, the physical reason for the symmetry is not obvious and requires further investigation. In the following sections, we focus on the fact that the twofold symmetry is the characteristic one of isosceles triangles, and study whether the observed configurations appear in isosceles triangular dots of two different shapes (isosceles J. Phys. Soc. Jpn. In Table I , we add vortex configurations observed in isosceles A and B dots using the nomenclature discussed above. For distinction, we append quotation marks in commensurate patterns in the isosceles dots since they are determined from the stability with respect to the 
